Introduction
Plants defend themselves from attack by micro-organisms by preformed and inducible protective mechanisms. The preformed defences, such as physical barriers and antimicrobial components, play a major role in resistance to microbes surrounding plants (Ride 1985) . After plants are attacked by a potential pathogen with the ability to break through this preformed resistance, these constitutive defences are accompanied by a variety of inducible responses. A common plant response to infection by a non-pathogen or an avirulent pathogen is the so-called hypersensitive reaction (HR), often associated with resistance. Typically, this response includes superoxide anion generation, hypersensitive cell death, cell wall fortification, accumulation of antimicrobial proteins, and biosynthesis of phytoalexins, low molecular-weight antimicrobial compounds. The defence responses co-operatively act to limit invasion of pathogens (Hammond-Kosack and Jones 1996) .
Many physiological changes associated with defence responses are controlled at the transcriptional level. The transcription of genes encoding enzymes involved in secondary metabolism are activated during plant defence responses such as phenylalanine ammonia-lyase, cinnamate 4-hydroxylase, cytochrome P450 and 5-epi-aristolochene synthase (Lois et al. 1989 , Facchini and Chappell 1992 , Mizutani et al. 1993 , Dixon and Paiva 1995 , Schopfer et al. 1998 . These enzymes catalyse biosynthesis of wall appositions and phytoalexins. They accumulate in cells in direct contact with the pathogen and in surrounding areas. Genes for pathogenesis-related (PR) proteins are well known as disease stress-inducible genes (Ryals et al. 1996) . It has been shown that some kinds of PR-proteins have enzymatic activities such as chitinase (PR-3) and b-1,3-glucanase (PR-2), and possess antifungal and antibacterial properties due to degradation of cell wall structural polysaccharides (Mauch et al. 1988 , Collinge et al. 1993 ). The expression of PR genes are induced systemically as well as locally after inoculation with pathogen or following treatment with salicylic acid (SA), which is well characterized as a signal molecule for disease resistance. The expression of PR genes is widely used as an index of disease responses in plants.
A tobacco plant treated with hyphal wall components (HWC elicitor) prepared from Phytophthora infestans, show typical defence responses including hypersensitive cell death and the expression of PR-proteins (Takemoto et al. 1999) . For further understanding of induced protective changes in plants, we employed a subtraction method to isolate elicitor-inducible genes of tobacco. We obtained 19 NtEIGs (N. tabacum elicitor-inducible genes) including eight newly isolated genes. The expression of these genes was induced by inoculation with the soybean pathogen Pseudomonas syringae pv. glycinea which is avirulent on tobacco. We compare the expression profiles of isolated genes and discuss the possible roles of the cloned NtEIGs in plant disease resistance.
Materials and methods

Plants and bacterial strain
Tobacco plants (Nicotiana tabacum cv. Samsun NN), were cultivated at 25 C for 6 weeks after sowing in continuous light (100 mmol photons m À2 s
À1
). Pseudomonas syringae pv. glycinea strain 801 was provided by Dr Y. Takigawa (Shizuoka University, Japan). The bacteria were cultured at 25 C in King's B medium (Dhingra and Sinclair 1995) , harvested by centrifugation at 350 g, re-suspended in water, and used for the inoculation.
Elicitor treatment and wounding of tobacco leaves
Hyphal wall components (HWC elicitor) were prepared from mycelia of P. infestans that had been grown in liquid medium for 2 weeks at 20 C in the dark as described previously (Doke and Tomiyama 1980) . Leaves of 6-week-old-tobacco plants were treated with water, 1 mg ml À1 HWC, 50 mM salicylic acid (SA), 0.5 mM methyl jasmonate (MeJA) or P. syringae pv. glycinea at 3 Â 10 6 colony forming units (CFU) ml À1 . Solutions were injected into the intercellular space of tobacco leaves using a syringe without a needle. For the wounding experiment, intact leaves of 6 week-old tobacco plant were wounded by rubbing the surface of the leaves with carborundum (600 mesh). The tobacco plants were incubated under the conditions described in the plant and bacterial strain section until harvested over a time course.
Northern hybridization
Total RNA was isolated from tobacco leaves after treatment with HWC elicitor, chemicals, or inoculation with P. syringae pv. glycinea. Twenty micrograms of total RNA was separated on a 1% formaldehyde agarose gel and transferred onto a Hybond N (1) membrane (Amersham, Uppsala, Sweden). The isolated NtEIG cDNAs were labelled with [a-32 P] dCTP using a random-primed DNA labelling kit (Megaprime; Amersham). Hybridizations were performed at 42 C for 20 h in 5 Â SSPE (20 Â SSPE contains 3 M NaCl, 173 mM NaH 2 PO 4 Á 2H 2 O and 25 mM EDTA), 50% formamide, 5 Â Denhardt's solution, 1% SDS and 100 mg ml À1 denatured salmon sperm DNA. Membranes were washed with 1 Â SSPE and 0.2% SDS at 60 C for 30 min, and 0.1 Â SSPE and 0.1% SDS at 60 C for 5 min and then subjected to autoradiography.
Construction of an elicitor-treated tobacco cDNA library
From total tobacco RNA, poly(A)1 RNA was enriched by binding Oligotex (dT) 30 resin (Roche, Basel, Switzerland). One microgram of poly(A)1 RNA from HWCtreated tobacco was used for the first-strand cDNA synthesis with methyl nucleotide mixture and linker-primer (ZAP-cDNA Synthesis kit; Stratagene, La Jolla, CA, USA). Five micrograms of poly(A)1 RNA from water-treated tobacco was immobilized on a carbodiimide-coated plate (Super subtraction kit; Sawady Technology, Tokyo, Japan) (Kikuchi et al. 2000) and hybridized with cDNA, which was synthesized from mRNA isolated from HWC-treated tobacco as described in the protocol from the manufacturer (Sawady Technology). Unhybridized cDNA was collected and used for construction of cDNA library with the ZAP-cDNA Synthesis kit (Stratagene). A plasmid cDNA library was prepared by in vivo excision according to the manufacturer's instruction (Stratagene).
Nucleotide sequencing and data analysis DNA sequence analysis was performed with an automatic DNA sequencer (model 373 A; Perkin Elmer, Wellesley, MA, USA) according to the manufacture's instructions. The nucleotide and the deduced amino acid sequences were analysed with DNA analytical software (DNASIS; Hitachi Software, Tokyo, Japan). The molecular weights of NtEIGs shown in Table 2 were calculated from the deduced amino acid sequences. The amino acid sequences were aligned using the CLUSTAL W program (Thompson et al. 1994) .
Results and discussion
Isolation of elicitor-inducible genes
We have shown that treatment with the HWC elicitor, prepared from Phytophthora infestans, induced typical resistance reactions in tobacco such as hypersensitive cell death and accumulation of PR-proteins (Takemoto et al. 1999) . To isolate genes showing preferential expression during the HR, we employed a subtractive hybridization procedure (Kikuchi et al. 2000) . Tobacco leaves treated with water for 6, 12 and 24 h or with HWC for 6, 12 and 24 h were harvested and subjected to the mRNA isolation. We used a mixture of the mRNA from water-treated leaves as the control pool and that from HWC-treated leaves as the induced pool. Single-strand cDNA was synthesized from the induced pool of mRNA and hybridized to control mRNA immobilized on the microplate. Then, unhybridized cDNA was collected and used to construct the cDNA library. Randomly selected cDNA clones (115 clones) from this cDNA library were sequenced, 17 were found to be reported elicitor-or pathogen-responsive genes (Table 1) . We investigated 12 newly isolated clones by northern hybridization and confirmed that the expression of eight genes were induced by the inoculation with non-pathogenic bacteria as well as treatment with HWC elicitor (see below). Hence, this library contained at least 21% (25 out of 115) of elicitor-inducible genes. In our earlier study, we screened 200 cDNAs from a library made from HWC-treated tobacco leaves to isolate elicitor-inducible genes by a conventional differential hybridization procedure and obtained only six positive clones (3%) (Takemoto et al. 2001 ). This result suggested that elicitor-inducible cDNA clones were successfully enriched by a subtractive hybridization procedure.
Analysis of sequences and expression profiles of NtEIGs
Clones isolated form the cDNA library made by subtractive hybridization were subjected to northern hybridization to investigate the expression in tobacco leaves inoculated with the non-pathogen, P. syringae pv. glycinea. The transcription levels of eight out of 12 NtEIG candidates increased after inoculation with the non-pathogen with various accumulation patterns ( Fig. 1 ). To analyse further expression profiles of these NtEIGs, we used signal transduction agents, salicylic acid (SA) and methyl jasmonate (MeJA), which were inducers Table 1 . Summary of the reported elicitor-inducible genes isolated from a cDNA library generated by subtracative hybridization for genes induced in tobacco treated with oomycete elicitor.
Clone
Matching sequence from database (Accession number) Elicitor Reference
Osmotin-like protein PR5d (D76437) Ethylene Sato et al. (1996) 
NtEIG-D18
5-epi-aristolochenesynthase (L04680) Fungal Facchini and Chappell (1992) Fig. 1. Expression of NtEIGs in tobacco leaves inoculated with non-pathogenic Pseudomonas syringae pv. glycinea. Whole areas of leaves, inoculated with P. syringae (3 Â 10 6 CFU ml À1 ), were harvested at indicated times and total RNA was extracted. Twenty micrograms of the total RNA was fractionated on a 1% agarose gel containing formaldehyde and transferred to a nylon membrane. The membrane was allowed to hybridize with individual cDNA probes indicated on the left of the panels. The rRNA band stained with acridine orange is shown to verify that similar amounts of RNA were loaded per lane. Results shown are representative of at least two separate experiments.
of defence responses (Fig. 2) (Kunkel and Brooks 2002) . Jasmonic acid (JA) and its methyl ester, MeJA, are also known as key signal components of responses to wounding. Therefore, expressions of NtEIGs after wounding were tested (Fig. 2) . The nucleic acid sequences of eight NtEIG clones were determined and subjected to database search. General features of the NtEIGs, including their nearest match with other sequences in the databases, are given in Table 2 .
NtEIG-A1-1
After inoculation with P. syringae pv. glycinea, expression of NtEIG-A1-1 increased slightly within 1 h, rose to a peak at 12 h, decreased at 18 h and remained almost at the same level through to 36 h, whereas SA, MeJA or wounding did not induce the expression of NtEIG-A1-1 (Figs 1 and 2) . NtEIG-A1-1 displays the highest degree of identity with pepper (Capsicum annuum) sequences CAI12 which is induced in the response to avirulent strain of Xanthomonas campestris pv. vesicatoria (Jung and Hwang 2000) . The full-length sequence of CAI12 has been reported as the gene for stellacyanin-like protein CASLP1 (Kong et al. 2002) . NtEIG-A1-1 possesses typical structures of stellacyanins, such as the C-X-X-X-H-X-X-X-X-Q motif for binding to copper, a domain for structural protein in cell wall, and a hydrophobic extension domain at the C-terminus of the protein (Nersissian et al. 1998 ) (data not shown). Stellacyanins are a subfamily of phytocyanins, plant-specific proteins constituting a family of mononuclear blue copper proteins (Nersissian et al. 1998) . It was reported that wounding, MeJA, drought stress and pathogen inoculation induced expression of CASLP1 gene (Kong et al. 2002 ). In contrast, activation of NtEIG-A1-1 gene expression was specific to inoculation with non-pathogen (Figs 1 and 2) . Little is known about the function of phytocyanins, although preliminary data on their biophysical properties and structural features suggested their involvement in redox reactions with small molecular weight compounds at the plant cell wall (Hart et al. 1996 , Nersissian et al. 1998 . Fig. 2 . Expression of NtEIGs in tobacco leaves treated with salicylic acid (SA), methyl jasmonate (MeJA) or wounded (Wounding). Leaves were harvested at the indicated times after treatment and total RNA was extracted. Twenty micrograms of the total RNA was fractionated on a 1% agarose gel containing formaldehyde and transferred to a nylon membrane. The membrane was allowed to hybridize with individual cDNA probes indicated on the left of the panels. The rRNA band stained with acridine orange is shown to verify that similar amounts of RNA were loaded per lane. Results shown are representative of at least two separate experiments.
NtEIG-C08
Expression of NtEIG-C08 increased within 1 h, reached a maximum within 12 h, slightly decreased and maintained the same level until 36 h after inoculation with nonpathogenic Pseudomonas (Fig. 1) . Wounding and MeJA treatment strongly induced NtEIG-C08 expression within 1 h, whereas SA slightly activates the expression (Fig. 2) . NtEIG-C08 cDNA encodes a protein containing the three conserved domains of plant glutathione peroxidases, including GPX signature 1 (GKVLIIVN-VASQCGLT), 2 (LAFPCNQF) and domain WNF (S/T)KF, with amino acids (C and G in GPX signature 1, Q in GPX signature 2 and WNF in the third domain) that are proposed critical sites for the catalytic activity of this enzyme (Churin et al. 1999 ) (data not shown). Glutathione peroxidase is a family of diverse enzymes that catalyse the reduction of hydrogen peroxide, organic hydroperoxide and lipid hydroperoxide by reduced glutathione, and involving protection of cells against oxidative radicals (Eshdat et al. 1997) . It has been shown that plant glutathione peroxidase protein or transcript increased in response to several stresses including saltstress (Holland et al. 1993) , mechanical stimulation (Depe`ge et al. 1998), treatment with hydrogen peroxide (Levine et al. 1994) , and infection of viral or bacterial pathogens (Levine et al. 1994) . It was also reported that production of active oxygen species were rapidly induced by pathogen attack or mechanical stresses (Mehdy et al. 1996 , Cazale´et al. 1998 ). The expression pattern of NtEIG-C08 gene after inoculation with non-pathogen or wounding would be consistent with the expected role (scavenging oxyradicals) of the product of this gene.
NtEIG-C29
The level of NtEIG-C29 transcripts increased within 3 h, reached a peak at 12 h and decreased at 36 h in response to non-pathogen (Fig. 1) . SA, MeJA and wounding slightly induced expression of the NtEIG-C29 gene with peaks at 3, 6 and 12 h, respectively (Fig. 2) . The deduced amino acid sequence of NtEIG-C29 possesses a high proportion of proline (11%) and serine (8%), which is a common feature of some cell wall proteins (Cassab 1998) . Highest identity (72%) was found with the extensin-like protein of poplar (Populus nigra) (Sakuma et al. 1997 ), although NtEIG-C29 has 58% identity with a tobacco extensin (EIG-30), which was reported as an elicitor-inducible gene (Takemoto et al. 2001) . Extensins are structural proteins presumed to determine physical characteristics of the plant cell wall. In several plants, the expression of extensin genes is known to be induced by stresses (wounding, pathogen infection) or signal molecules (ethylene, salicylic acid) (Cassab 1998 , Takemoto et al. 2001 . It has been shown that cross-linking of extensin was induced in cultured bean cells treated with elicitor, suggesting that extensin is involved in impeding pathogen infection by contributing to the mechanical strength of cell walls (Cooper et al. 1987 ).
NtEIG-D10
Expression of the NtEIG-D10 gene was induced within 3 h after inoculation with P. syringae and remains almost the same through to 36 h (Fig. 1) . No significant induction of NtEIG-D10 gene was detected after treatment with SA, and wounding, whereas MeJA treatment slightly induced expression of this gene (Fig. 2) . The putative amino acid sequence of the NtEIG-D10 gene displays 82% identity with WUN1 (wound-induced protein 1) of potato (Solanum tuberosum) and 58% with WI12 (wound-induced protein 12) of ice plant (Yen et al. 2001) . It has been reported that expression of both WIN1 and WI12 were activated by inoculation with pathogen as well as wounding , Yen et al. 2001 . By contrast, neither wounding nor MeJA induced expression of NtEIG-D10, suggesting that regulation of NtEIG-D10 expression was distinguishable from these reported wound-induced genes. Localization of WI12 in plant cell wall was shown by Yen et al. (2001) , however, no data, suggesting the possible function of this class of genes, have been reported.
NtEIG-D48
NtEIG-D48 gene was transiently expressed 1 h after inoculation with P. syringae pv. glycinea (Fig. 1) . The same expression pattern was detected for SA treatment, whereas MeJA or wounding did not induce expression of NtEIG-D48 (Fig. 2) . These results suggested that expression of NtEIG-D48 would be regulated by a signal transduction pathway involving SA. NtEIG-D48 cDNA encodes a protein containing a WRKY domain, Q-rich regions, Zinc-finger motif (C-X5-C-X23-H-X-H) and basic amino acids contributing to nuclear localization (data not shown). All of these motifs are characteristics of WRKY proteins, which are a superfamily of plant transcription factors (Eulgem et al. 2000) . The highest identity (57%) was found with WRKY3 of parsley (Petroselinum crispum), which was isolated as binding protein of PR-1 promoter sequence (Rushton et al. 1996) . Three tobacco mosaic virus (TMV)-inducible WRKY genes (tWRKY3, tWRKY4 and TIZZ) have been isolated from tobacco Chen 2000, Yoda et al. 2002) . However, there is no significant homology among NtEIG-D48 and these three WRKY genes except at the WRKY motif. Both tWRKY3 and tWRKY4 expressions were induced by SA treatment (Chen and Chen 2000) . Together with our results, this suggests that various WRKY genes are induced after pathogen infection via SA signalling and might control different groups of defence-related genes in tobacco plant. The induction of TIZZ expression was independent of SA (Yoda et al. 2002) . NtEIG-D48 and TIZZ might be activated by different pathways and have distinct roles in plant defences.
NtEIG-E17
Expression of NtEIG-E17 gene was detected 3 h after inoculation with Pseudomonas, increased to a maximum by 12 h, slightly decreased and remained at the same level through to 36 h (Fig. 1) . Wounding induced transient expression of NtEIG-E17 with a peak at 12 h. MeJA treatment induced a low level of NtEIG-E17 expression (Fig. 2) . The deduced NtEIG-E17 protein contains a high proportion of glycine (22%) and displays the highest degree of identity (89%) with glycinerich protein NT16 of tobacco (Yasuda et al. 1997) . Glycine-rich proteins are known as structural components of cell walls (Cassab 1998) . It was reported that the transcript level of NT16 was high in roots and wounded leaves (Yasuda et al. 1997) . Another NtEIG-E17 homologue HR4 (hairy root 4) (unpublished data, accession no. AF043554) was isolated as a gene preferentially expressed during the development of hairy and normal roots. These results suggest that the expression of this family of genes is involved in root development and response to mechanical stresses by modifying cell wall composition.
NtEIG-E76
Within 1 h after inoculation with P. syringae pv. glycinea, expression of the NtEIG-E76 gene was strongly induced, decreasing afterward and no expression was detected 30 h after inoculation (Fig. 1) . Almost the same expression patterns were observed for SA, MeJA treatment or wounding (Fig. 2) , indicating that induction of NtEIG-E76 was responsive to a broad range of stresses. NtEIG-E76 showed highest identity (67%) with Arabidopsis b-1,3-glucanases (Table 2) , while reported b-1,3-glucanase genes of tobacco showed less than 30% identities with NtEIG-E76 (Linthorst et al. 1990, OhmeTakagi and Shinshi 1990 ) (data not shown). NtEIG-E76 possesses an extension of about 100 amino acids at the carboxyl terminus compared with the other b-1,3-glucanases of tobacco. This C-terminus extension, in which there is no indicative domain of known function, is conserved between NtEIG-E76 and Arabidopsis homologues (. 70%), suggesting this region might have a particular role in plants. In contrast to the rapid and transient expression of NtEIG-E76, it has been reported that induction of tobacco b-1,3-glucanase genes by pathogen inoculation or SA treatment caused a relatively late and continuous expression of transcript (Ward et al. 1991 , Takemoto et al. 1999 . The unique structure and expression pattern suggests that NtEIG76 is member of a novel class of b-1,3-glucanases from tobacco. Generally, b-1,3-glucanases are known as one of the PR-proteins, PR-2, and have been shown to possess antifungal and antibacterial activity. (Mauch et al. 1988 ). However, because of the distinct features of NtEIG-E76, it remains to be seen whether NtEIG-E76 has similar biochemical and physiological roles to PR-2.
NtEIG-E80
By inoculation with Pseudomonas, NtEIG-E80 expression was induced within 3 h, reached a peak at 12 h and decreased through to 36 h (Fig. 1) . There was no activation of this gene by SA, MeJA or wounding (Fig. 2) . The putative amino acid sequence of the NtEIG-E80 gene displays highest identity (50%) with PAR-1c (photoassimilate-responsive protein 1c) of tobacco, the function of which is unknown (Herbers et al. 1995) . It was reported that expression of PAR-1c and the homologous genes PAR-1a and -1b were induced by potato virus X infection or SA treatment (Herbers et al. 1995) , whereas expression of NtEIG-E80 was not activated by SA. NtEIG-E80 has a hydrophobic stretch of 28 amino acids at the N-terminus, suggesting that NtEIG-E80 might be a secretory protein.
Concluding remarks
In this study, we employed a subtractive hybridization method to produce a cDNA library enriched with disease-stress inducible genes and investigated expression profiles of NtEIGs isolated from this library. All NtEIGs investigated in this work showed unique expression profiles, indicating that the expression of each NtEIG was regulated by a different signal transduction pathway, or more than one pathway controlled their expression. Stresses produced by pathogen attack generate physical (wounding by penetration) and chemical (elicitor) signals. Wounding or treatment with MeJA as well as inoculation with non-pathogen activated the expression of NtEIG-C08 and NtEIG-E17, suggested that products of these genes might play roles in physical stresses. In contrast, expression of NtEIG-A1-1, -D48 or -E80 was not induced by MeJA treatment or wounding, although they were activated significantly by Pseudomonas inoculation (Figs 1 and 2) . Therefore, it is likely that the functions of NtEIG-A1-1, -D48, -E80 are specific for disease resistance. SA and JA are two of the most characterized signal factors that regulate disease-stress inducible genes (Kunkel and Brooks 2002) . Neither SA nor MeJA treatment induced expression of NtEIG-A1-1 and -E80 genes (Figs 1 and 2 ), suggesting that there is an unknown signal transduction pathway involving induction of these genes. NtEIG-A1-1 and -E80 could be good markers for investigating this unknown pathway. Expression patterns of elicitor-inducible genes, including genes which we have previously reported, were compared (Fig. 3) . Interestingly, genes categorized in the same group by their expected function tended to show similar expression patterns after inoculation with non-pathogen (Fig. 3) . This result would suggest that series of resistant reactions, such as production of secondary metabolites, fortification of cell walls and accumulation of antimicrobial proteins, might be regulated at the transcription level and be activated at proper times to efficiently express disease resistance. Because activation of defence genes is an important element in the outcome of plant-pathogen interaction (Kunkel and Brooks 2002) , isolation and characterization of elicitor-inducible genes is an initial step in understanding defence responses. Functional studies of the products of NtEIGs by transient overexpression (Kapila et al. 1997) or RNA silencing (Johansen and Carrington 2001) technologies will be applied. They should uncover more information about the roles of NtEIGs in resistance to pathogens. Fig. 3 . Expression patterns of elicitor-inducible genes in tobacco leaves inoculated with non-pathogenic Pseudomonas syringae pv. glycinea. Intensities of hybridized bands were obtained by densitometric scanning. The amount of transcripts was normalized by the densities of rRNA stained with acridine orange and plotted relative to the highest value. Results for the expression patterns of the following genes were derived from our previous reports. PAL (phenylalanine ammonia lyase), CYP83E1, PR-1a and PI-II (proteinase inhibitor II) (Takemoto et al. 1999) . EILP (elicitor-inducible LRR receptor-like protein), PR-3 (basic) (Takemoto et al. 2000) . PR-2, PR-3, EIG-B39, -D14, -G7, -I24, -I30, and -J7 (Takemoto et al. 2001) . In these reports, the conditions for tobacco inoculation with P. syringae pv. glycinea were the same as in the present study. Expected roles of genes were given at the left-top of each cluster of panels.
